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We have determined the Wadati–Benioff Zone seismicity and state of stress of the subducting Nazca slab 
beneath central and southern Peru using data from three recently deployed local seismic networks. Our 
relocated hypocenters are consistent with a flat slab geometry that is shallowest near the Nazca Ridge, 
and changes from steep to normal without tearing to the south. These locations also indicate numerous 
abrupt along-strike changes in seismicity, most notably an absence of seismicity along the projected 
location of subducting Nazca Ridge. This stands in stark contrast to the very high seismicity observed 
along the Juan Fernandez ridge beneath central Chile where, a similar flat slab geometry is observed. 
We interpret this as indicative of an absence of water in the mantle beneath the overthickened crust 
of the Nazca Ridge. This may provide important new constraints on the conditions required to produce 
intermediate depth seismicity. Our focal mechanisms and stress tensor inversions indicate dominantly 
down-dip extension, consistent with slab pull, with minor variations that are likely due to the variable 
slab geometry and stress from adjacent regions. We observe significantly greater variability in the P-axis 
orientations and maximum compressive stress directions. The along strike change in the orientation of 
maximum compressive stress is likely related to slab bending and unbending south of the Nazca Ridge.
© 2016 Elsevier B.V. All rights reserved.1. Introduction
The term “flat slab subduction” is often used to refer to the sub-
duction of an oceanic plate that enters the trench at a normal dip 
angle (∼30◦), continues subduction up to 100 km depth, and then 
abruptly bends to travel horizontally (∼0◦ dip) for several hundred 
kilometers before resuming its descent (Hasegawa and Sacks, 1981;
Cahill and Isacks, 1992). The depth of flattening and inboard extent 
of the horizontal segment varies between different regions of flat 
slab subduction, for reasons that are still under investigation (e.g. 
Manea and Gurnis, 2007; Gerya et al., 2009; Manea et al., 2011;
Hu et al., 2016). Flat slab subduction is of particular interest 
because it has often been causally linked to unusual tectonic 
processes such as the cessation of arc volcanism, inboard thick-
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high plateaus (e.g. Isacks and Barazangi, 1977; Jordan and All-
mendinger, 1986). In particular, the Laramide uplift of the Rocky 
Mountains and subsequent ignimbrite flare-up in the western 
United States have been attributed to a period of flat subduction 
of the Farallon plate (80–55 Ma) (e.g. Dickinson and Snyder, 1978;
Humphreys et al., 2003).
In this study, we investigate the southern portion of the Peru-
vian flat slab (Fig. 1). The western margin of Peru between 2◦ and 
15◦S is characterized by the flat subduction of the oceanic Nazca 
plate beneath the continental South American plate (e.g. Hasegawa 
and Sacks, 1981; Cahill and Isacks, 1992; Hayes et al., 2012;
Dougherty and Clayton, 2014). The Peruvian flat slab is associ-
ated with the marked absence of any known Quaternary arc vol-
canism and with generally low surface heat flow measurements 
(Henry and Pollack, 1988). While the causes of flat slab subduction 
are still controversial (e.g. Gerya et al., 2009; Skinner and Clay-
ton, 2013), one possible contributing factor beneath Peru is the 
subduction of the less dense oceanic lithosphere associated with 
72 A. Kumar et al. / Earth and Planetary Science Letters 441 (2016) 71–80Fig. 1. Map showing the Peruvian flat slab region, our study area (yellow box), and 
the locations of seismic stations used in this study. Dark pink circles are PULSE sta-
tions. Dark blue diamonds are CAUGHT stations and light blue circles are PERUSE 
stations used in this study. Large purple circles represent GSN stations at Lima, Peru 
and LaPaz, Bolivia. Yellow stars are the location of important cities. Red triangles are 
Holocene volcanoes (INGEMMET, www.ingemmet.gob.pe). Solid lines are slab con-
tours from Antonijevic et al. (2015). Dashed lines are slab contours from Cahill and 
Isacks (1992). The Nazca Ridge, Iquique Ridge and Nazca Fracture Zone are shaded 
gray offshore. The black arrow offshore represents the plate motion of the Nazca 
plate from HS3-NUVEL1A (Gripp and Gordon, 2002). (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of 
this article.)
the Nazca Ridge (e.g. Hu et al., 2016). The crust of the Nazca 
Ridge is unusually thick (∼17 km) and was formed at the Pa-
cific Nazca spreading center along with its conjugate on the Pacific 
Plate, the Tuamoto Plateau, in the early Cenozoic (Hampel, 2002;
Hampel et al., 2004). The track of the Nazca Ridge and the conver-
gence direction are not parallel (Fig. 1), resulting in a southward 
migration of the ridge relative to the overriding continent. Since 
it first began subducting ∼11.2 Ma at ∼11◦S (Hampel, 2002), the 
ridge has migrated ∼480 km south relative to the South Amer-
ican margin (Hampel, 2002; Hampel et al., 2004). The timing of 
slab flattening is well constrained by radiometric ages of the ces-
sation of arc volcanism, episodes of intense metallogenic activity 
(Rosenbaum et al., 2005) and basement involved thrust deforma-
tion (Shira uplift) on the overriding South American plate. The 
spatio-temporal pattern of these indicators seems to follow the 
southward migration of the Nazca Ridge (Rosenbaum et al., 2005;
Bissig et al., 2008).
Previous studies have analyzed the Wadati–Benioff zone (WBZ) 
seismicity in Peru, primarily using data from stations at teleseis-
mic distances or local data collected from small seismic networks 
(Hasegawa and Sacks, 1981; Cahill and Isacks, 1992; Hayes et al., 
2012). Here we present estimates of earthquake locations and fo-
cal mechanisms for slab events between 10◦ and 18.5◦S using data 
from three co-deployed local seismic networks. We also estimate 
the regional stress field tensor south of the Nazca Ridge in order to 
better understand the current state of stress of the subducting slab 
in this region of complex subduction geometry. We note a num-
ber of striking seismicity patterns that may indicate variations in 
slab hydration and dehydration processes along strike. Our regional 
stress field estimates show significant changes over short spatial 
scales, consistent with the rapidly changing slab geometry. For the 
most part, our results are consistent with previous work show-
ing down-dip extension below 60 km depth (Marot et al., 2013;
Rontogianni et al., 2011), with slight variations likely due to the 
regional tectonic setting and complex slab geometry.2. Data
We use data collected from the temporary broadband stations 
of three independent seismic arrays (Fig. 1). The CAUGHT (Cen-
tral Andean Uplifts and the Geodynamics of High Topography) 
experiment comprised 50 broadband seismometers deployed for 
21 months between November 2010 and July 2012 between 13◦S 
to 18◦S across the northern Altiplano. Thirty stations were de-
ployed in Bolivia and 20 stations in Peru with a higher density 
line across the cordillera that spanned both Peru and Bolivia. The 
“PULSE” (PerU Lithosphere and Slab Experiment) network (e.g., 
Antonijevic et al., 2015) was deployed from May 2011 to June 
2013 and consisted of 40 broadband seismometers. The PULSE net-
work was located above the southern part of the Peruvian flat 
slab roughly along three transects. The southern transect extended 
north and east from the city of Nazca to beyond Cusco. The middle 
and northern transects were located between Pisco and Ayacu-
cho, and Lima and Satipo, respectively. The northern transect was 
situated above the paleo-location of the subducted Nazca Ridge be-
tween 10–8 Ma (Rosenbaum et al., 2005). The southern and middle 
transects straddle the projected current location of the subducted 
Nazca Ridge. We also use data from the PERUSE project deployed 
by the California Institute of Technology and UCLA between July 
2008 and June 2012 (e.g., Phillips and Clayton, 2014). We use data 
for 8 stations from this deployment located along the coast in 
southern Peru and along the southern transect of the PULSE net-
work.
3. Methods
3.1. Event locations and error analyses
We identify possible earthquakes recorded by our three arrays 
using the dbdetect tool that is part of the ANTELOPE software 
package (http://www.brtt.com). This method is based on a short-
term average (STA) versus long-term average (LTA) trigger mecha-
nism. An event is detected if the ratio of energy between STA and 
LTA windows exceeds a user-defined threshold. We use an energy 
threshold ratio of 5 and STA and LTA moving time windows of 1 
second and 10 seconds respectively. Of the 3000 possible events 
identified, we selected 952 earthquakes after individual inspection 
of the seismic waveforms for each event.
We calculate absolute event hypocenter locations using the sin-
gle event location algorithm HYP, incorporated into the SEISAN 
software package (Havskov and Ottemoller, 1999). HYP determines 
earthquake locations using an iterative linearized least squares 
inversion of travel time data (Aki and Lee, 1976). We use a 
modified version of the P-wave velocity model of Dorbath and 
Granet (1996) that takes into account the 65 km average crustal 
thickness in our study area as determined from recent analy-
ses of teleseismic receiver functions (Phillips and Clayton, 2014;
Bishop et al., 2014). S-wave velocities are determined using a 
Vp/Vs ratio of 1.75 (Dorbath and Granet, 1996).
In order to determine the sensitivity of our event locations to 
starting depth, we calculate the hypocenters of all 952 events with 
a starting depth of 5 km, 100 km, 200 km, and the initial hypocen-
tral depth from dbdetect. Of the 952 events, 838 had final depths 
that differ by less than 10 km irrespective of the starting depths. 
From those 838 events, we then select events with depths greater 
than 50 km and azimuthal gaps <270◦ . For events south of 15◦S, 
we eliminated those events with depth errors of >15 km. Given 
the sparsity of seismicity north of 15◦S, we included some events 
with slightly larger depth errors whose latitudes, longitudes, and 
depths were stable over all tested starting depths. After these cri-
teria were applied, we are left with 568 event locations.
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range of event depths determined with different starting depths 
was >10 km. We divide this list of 114 events into two sets de-
pending on the number of similar depths recovered from our four 
starting depths. The first set of events includes 45 earthquakes 
for which three of the four original hypocentral locations differ 
in depth by less than 10 km. We calculate travel time residuals 
corresponding to each of the three starting depths and select the 
location with the minimum travel time residual as our preferred 
hypocenter. If travel time residuals are the same for more than one 
starting depth then the location whose starting depth is closest to 
the hypocentral depth is selected. We recalculate event locations 
for each event in the first set using their best starting depth and 
obtain 16 robust event locations following the same cutoff crite-
ria as used previously (depth >50 km, azimuthal gap <270◦ , with 
less than 15 km error in depth).
The second subset of events includes 68 earthquakes for which 
the hypocenters corresponding to the four starting depths (5 km, 
100 km, 200 km and the initial hypocentral depth from dbdetect) 
have two or fewer final depths that are within 10 km of each 
other. We test several other starting depths at 25 km intervals 
for each of these events and calculate travel time residuals cor-
responding to each starting depth. We look for at least 3 similar 
depths (<10 km difference) recovered from inversions with three 
adjacent starting depths, and travel time residuals of less than 3 
seconds. Using these criteria, we obtain hypocentral locations for 
36 events. We recalculate event locations for each event using 
their best starting depths and obtain 7 event locations that satis-
fied the additional aforementioned cutoff criteria (depth >50 km, 
azimuthal gap <270◦ , with less than 15 km error in depth). We fi-
nally add these 23 robust event locations (16 from the first group 
and 7 from the second) to the 568 events described earlier for a 
total of 591 robust event hypocenters (Fig. 2a; see Supplemental 
Table T1). South of the Nazca Ridge the error in event depth is 
small and varies between 2.6–14.9 km. North of the Nazca Ridge, 
depth error varies between 2.3–25 km, with 10 more events hav-
ing depth error in the range of 25–32.4.
We test the sensitivity of our event hypocenters to velocity 
models by subtracting and adding 5% to both the P and S wave 
velocities of each layer in our velocity model. The results of these 
tests are shown in Figs. 3a and b. The average depth for the fast 
model is 0.86 km deeper than our preferred model, and the av-
erage depth for the slow model is 0.79 km shallower than our 
preferred model. The average spread in the depths of hypocenters 
for a given event between velocity models is 7 km with a stan-
dard deviation of 6 km. The most significant differences are seen 
for the deepest events with the longest travel paths, as expected. 
While individual events have slight differences in depth depending 
on the velocity model used, the overall patterns observed remain 
robust.
We relocate our 591 events using the double difference tech-
nique of Waldhauser and Ellsworth (2000). This method takes ad-
vantage of the nearly identical ray paths of two nearby events 
recorded at a common station. HypoDD uses both absolute and 
relative travel time data for each pair of events to determine rel-
ative event locations that are independent of regional structural 
variations. We calculate differential times between common phases 
recorded at a common station for all events pairs separated by 
≤40 km. Each event is grouped to a maximum of 10 neighboring 
events with inter-event distances ≤40 km, each of which were re-
quired to have at least eight differential travel time observations. 
Of the 591 events located using HYP, we were able to relocate 508 
events with HypoDD (Fig. 2b; Supplemental Table T2). The remain-
ing 83 events did not have sufficient neighboring earthquakes at 
small inter-event distances (≤40 km) for a stable relative reloca-
tion.Fig. 2. Earthquake hypocenters calculated using (a) single event location method 
(b) relative relocation method. The hypocenters are color coded by depth. Black 
diamonds are the stations used in the location process. Solid lines are slab contours 
from Antonijevic et al. (2015). Dashed boxes outline the regions of various clusters 
(A–D) of events identified in the study area. Shaded triangle represents the seismic 
gap between cluster A and B at depth ≤120 km. Note the absence of seismicity 
(shaded rectangle) along the projected location of the subducting Nazca Ridge.
3.2. Focal mechanisms and stress tensor calculation
We determine the best fitting double-couple fault plane so-
lution and associated P and T axis orientations using FPFIT
(Reasenberg and Oppenheimer, 1985), included in the software 
package SEISAN (Havskov and Ottemoller, 1999). It estimates 
source model parameters (strike, dip and rake) through a grid 
search by iteratively minimizing the weighted sum of first mo-
tion polarity errors (Fig. 4). We perform an initial grid search at 
coarse increments of 20◦ in strike, dip and rake and then used a 
finer grid of 1◦ increments to determine the best fitting solution. 
We use the error estimation procedure of FPFIT to calculate the er-
ror in strike, dip, and rake of the focal mechanism solutions. FPFIT
calculates the standard deviation misfit function between the ob-
served and predicted polarity of each station and estimates the 
variance in this misfit function from a priori knowledge (quality of 
phase pick) of the variance in the observed data. The 90-percent 
confidence interval for the misfit function is estimated from its 
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by subtracting 5% (b) by adding 5% to our velocity model. The hypocenters are 
color coded by calculating the difference between hypocentral depth for our veloc-
ity model and the modified (slow and fast) velocity model. Events with cool colors 
(left half of the color scale) represent downward shifted events and events shown 
in warm colors (right half of the color scale) are upward shifted events. Black di-
amonds are the stations used in the location process. Solid lines are slab contours 
from Antonijevic et al. (2015).
variance by assuming that the misfit is normally distributed. The 
error in each model parameter (e.g. strike, dip, and rake) is deter-
mined with respect to the minimum misfit value (Reasenberg and 
Oppenheimer, 1985). We do not include solutions with sparse po-
larity readings and those for which all readings are close to nodal 
planes in further analyses. Additionally, we use the following crite-
ria to select the best available focal mechanism solutions: at least 
10 polarity readings, a maximum of 2 incorrect polarities and a 
maximum 10◦ error in strike and dip and 20◦ error in rake. This 
produces a total of 173 robust focal mechanism solutions.
We use our observed focal mechanisms, including strike and 
dip of the fault plane and the sense of relative motion (rake) along 
those faults, to calculate the regional stress field tensor (Delvaux 
and Sperner, 2003). The stress tensor inversion minimizes the an-
gular misfit between the observed and predicted slip directions. 
To calculate the error on strike and dip of stress axes (σ1, σ2, σ3), 
the inversion algorithm test wide range of orientations of the three stress axes by performing a series of rotation, successively around 
sigma 1, sigma 2, and sigma 3 axes (Delvaux and Sperner, 2003). It 
finds the range of rotation angle for which the value of angular de-
viation between the observed and theoretical slip is less than user 
defined threshold. The error on strike and dip of the stress axes is 
therefore related to the angular aperture (range of rotation angle) 
of a cone centered on the stress axes.
Given the likelihood that the state of stress in the subducting 
plate varies depending on the changing slab geometry, we per-
form independent stress analyses on four sub-regions south of the 
Nazca Ridge that comprise areas with consistent slab dip angles 
inside Box 1, 2 (2S and 2N), and 3, south of the Nazca Ridge (black 
rectangles, Fig. 8) and calculate the regional stress field for each 
subregion individually. We do not include the area north of the 
Nazca Ridge for stress tensor inversion due to the sparsity of focal 
mechanism observations and complex slab geometry (Antonijevic 
et al., 2015). In Box 1, we choose the central portion for stress 
tensor inversion, where the slab dip is constant. We exclude the 
southernmost portion of Box 1, where the direction of slab dip is 
different than the majority of T-axes measurements in the central 
portion of Box 1. In Box 2, the slab dip direction varies from NE in 
the south to SE in the north (Fig. 8). We choose two small subre-
gions 2S and 2N in Box 2 for stress inversions, one that lies south 
of the bend and one to the north of the bend (Fig. 8). In Box 3, 
the slight downdip direction of nearly horizontal slab is directed 
towards SE and we selected all the events with known focal mech-
anism for stress calculation in Box 3 (Fig. 8).
4. Results
4.1. Earthquake locations
The results of our single event locations and relative relocations 
are shown in Figs. 2a and b respectively. A direct comparison of the 
relative and absolute locations is shown in Fig. S1. Cross sections of 
our relative relocations are shown in Fig. 5 and in Figs. S2 and S3 
of the supplementary material. We observe a number of distinctive 
patterns across our study area, including regions of dense seismic 
activity, regions with sparse seismicity, and some regions in which 
we were able to find no well-located events.
Our southernmost cluster (labeled “A” in Fig. 2b) comprises a 
linear, northward trending band of seismicity between 69◦W and 
70◦W. The distinct eastern margin of this cluster is well resolved, 
and is visible in previous catalogs of seismicity, albeit less clearly. 
The north–south trend of this cluster does not correspond to the 
local dip direction of the slab, the convergence direction of the 
plates, or any known structure within the subducted plate. The 
seismicity in this region generally defines a slab descending at a 
constant dip of ∼30◦ (measured orthogonally to the trench) to at 
least 200 km depth (Figs. 5c and S3 of the supplementary mate-
rial).
Seismicity is laterally continuous between clusters A and B 
at depths of <120 km. However, at greater depths we find evi-
dence of a small seismic gap, triangular in shape (shaded triangle, 
Fig. 2b). This gap is concentrated in the middle of our seismic net-
work, directly beneath one of the CAUGHT stations (CP07), and so 
is unlikely to be due to a lack of station coverage. We do have 
an absolute location for one event in the center of this triangle 
(Fig. 2a), but we are unable to find stable relative locations for that 
single event due to insufficient neighboring earthquakes. The next 
cluster to the north (labeled B, Fig. 2b) comprises a large number 
of events between the northwestern edge of the triangular seis-
mic gap and the southern edge of the projected location of Nazca 
ridge. Events along the northern edge of this cluster, in the imme-
diate vicinity of the projected location of subducted Nazca Ridge, 
are the shallowest we have found within the flat slab. There is a 
A. Kumar et al. / Earth and Planetary Science Letters 441 (2016) 71–80 75Fig. 4. An example of high-quality focal mechanism solution (lower hemisphere projection) determined from first motion polarity at 37 stations. Red dots indicate compres-
sional (up) arrival and black dots tensional (down) arrival. P-waveform used to determine this solution is shown with marked position of first arrival (red vertical line). (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)continuous increase in event depths within this cluster both from 
north to south as well as from west to east, showing a smooth 
contortion of the slab. Our observed seismicity (cross section CC′ , 
Fig. S3) in this contorted region is in good agreement with the pre-
vious study of Boyd et al. (1984), who also proposed contortion as 
opposed to tearing in the slab, where the geometry of subduction 
changes from flat to normal.
Between clusters B and C, along the projected location of 
the subducted Nazca ridge, seismicity is anomalously absent at 
depths below 80 km (shaded rectangle, Fig. 2b; dotted ellipse, 
Fig. 5b). This observation is distinctly different than the reported 
seismicity along the Juan Fernandez ridge track in central Chile 
where seismicity is particularly abundant (Anderson et al., 2007;
Hayes et al., 2012). The trench parallel cluster C (Fig. 2b) beneath 
the Western Cordillera, north of the Nazca ridge, is confined to the 
westernmost margin of the horizontal portion of the flat slab. This 
defines its own linear cluster of events, connecting the diffuse seis-
micity along the northern edge of PULSE network and seismic gap 
along the projected location of the subducted Nazca ridge. We find 
very few events inboard of this cluster except for a small number 
of relatively shallow events with depths between 50 and 70 km for 
which we are unable to determine relative relocations (Fig. 2a).
Along the northernmost end of our study area, the observed 
slab seismicity (denoted as cluster D in Fig. 2b) has a maximum 
inboard extent of over 400 km from the trench. The events in 
this cluster are generally diffuse and range in depth from ∼100 to 
120 km, significantly deeper than events found closer to the Nazca 
Ridge further south.
4.2. Focal mechanisms and stress analyses
Our full focal mechanism solutions are shown in map view in 
Fig. 6 and in Figs. S4 and S5 of the supplementary material. T-axis orientations are shown in Fig. 7. The results of our focal mecha-
nism analyses indicate a predominance of normal faulting across 
our study area (Fig. 6, Table T3 in the supplementary material). In 
our southernmost region (Box 1, Fig. 7), the T-axes have slightly 
variable orientations, but are oriented dominantly E–W to ENE–
WSW (inset1, Fig. 7). We find that the T-axes are generally parallel 
to the slab in Box 1, but rotated ∼30–40◦ clockwise from the 
down-dip direction (black squares, Fig. 9a). Our stress tensor so-
lution shows a similar pattern with the least compressive stress 
(σ3, red arrow in Fig. 9a) oriented parallel to the dipping slab just 
north of E–W (strike = 83◦ and dip = 35◦ , with 1-sigma standard 
error of 20.4◦). The maximum compressive stress (σ1, blue arrow 
in Fig. 9a) is nearly horizontal and oriented N–S.
In Box 2, we see a well-distributed range of T-axis orientations 
at significantly different azimuths (inset2, Fig. 7). This is to be ex-
pected, given the range in slab dip directions in this region. If we 
focus on the two boxes used to calculate the stress tensors, within 
which slab orientation is relatively constant (Box 2S and Box 2N, 
Fig. 8) we see distinct differences between the two. In Box 2S, the 
T-axes show a generally slab parallel orientation (Fig. 9b). The σ3
axis is directed ENE at strike = 64◦ and dip = 12◦ , with 1-sigma 
standard error of 17.6◦ , indicating a slab parallel, down-dip orien-
tation with a similar slight clockwise rotation as is observed in Box 
1. However, unlike Box 1, the maximum compressive stress (σ1) is 
nearly perpendicular to the slab surface (solid red circle, Fig. 9b). 
In Box 2N, the T-axes again lie within the slab and are dominantly 
oriented down-dip (black squares, Fig. 9c). The least compressive 
stress (σ3) is also generally parallel to the shallow downdip di-
rection (red arrow in Fig. 9c). Specifically, σ3 is oriented ESE with 
a strike = 114◦ , dip = 12◦ , and 1-sigma standard error of 21.1◦ . 
The maximum compressive stress (σ1) is nearly horizontal and ori-
ented parallel to the strike of the slab (blue arrow in Fig. 9c). This 
76 A. Kumar et al. / Earth and Planetary Science Letters 441 (2016) 71–80Fig. 5. Map showing locations of (a) trench-parallel (BB′) and trench-perpendicular 
(P1, P2, P3, and P7) transects used to plot seismicity cross-sections. Red tick marks 
on BB′ represents distance interval of 100 km. (b) Seismicity cross-sections BB′ , par-
allel to the trench. Dotted ellipse mark the absence of seismicity along the projected 
location of the subducted Nazca ridge track. Red arrows mark the intersection with 
trench-perpendicular cross sections. (c) Seismicity cross-sections (P1, P2, P3, and 
P7) perpendicular to the trench. Earthquakes within ±35 km are projected onto 
each cross-section. The solid line in each cross section is the slab contour from 
Antonijevic et al. (2015). Red star in each trench-perpendicular cross section marks 
the intersection with BB′ cross section. See Figs. S2 and S3 of the supplementary 
material for the remaining set of trench-parallel and trench-perpendicular seismic-
ity cross-sections. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.)
Fig. 6. Map of first motion focal mechanisms plotted in lower hemisphere projec-
tion. Mechanisms are color coded by earthquake depth and mainly show normal 
faulting across the study area. Solid lines are slab contours from Antonijevic et al.
(2015). See Figs. S4 and S5 of the supplementary material for zoom-in map of focal 
mechanism for events inside the red and blue box respectively. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web 
version of this article.)
Fig. 7. Map showing T-axes (color sticks) orientations determined from focal mech-
anism solutions (see Fig. S6 of the supplementary material for P-axis orientations). 
Length of the T-axes segment is proportional to the dip of T-axes, with smaller seg-
ments representing steeper T-axes. Black dots indicate the location of associated 
slab events. Slab contours (solid black lines) are from Antonijevic et al. (2015). Col-
ored boxes divide the study area into four different regions based on the geometry 
of subduction. Rose diagrams of the T-axis orientations for each individual box are 
shown in smaller insets. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)
A. Kumar et al. / Earth and Planetary Science Letters 441 (2016) 71–80 77Fig. 8. Map showing the orientations of slab dip vectors (color sticks). Color of the 
vectors is proportional to the dip of the slab. Slab contours (solid black lines) are 
from Antonijevic et al. (2015). Colored boxes divide the study area into four differ-
ent regions, similar as Fig. 7. Black rectangles south of the Nazca Ridge covers the 
smaller region of constant dip for which stress axes orientations (smaller insets) are 
determined. A red diagonal line in each black rectangle is the location of cross sec-
tions used to compare the T-axes and stress axis in Fig. 10. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of 
this article.)
Fig. 9. (a–d) Stress tensor orientations for black rectangular region inside Box 1, 2 
(2S and 2N) and 3, respectively, shown in Fig. 8. Red and blue arrows show the az-
imuth of minimum (σ3) and maximum (σ1) compressive stress, respectively. Black 
circles and squares on each stereonet show the P and T-axes orientations associated 
with each earthquake, respectively. A great circle (green color) on each stereonet 
represents the average slab orientation in the region. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of 
this article.)
is very different to Box 2S where the maximum compressive stress 
(σ1) is slab perpendicular.
The flat slab region just south of the Nazca Ridge (Box 3, 
Figs. 7 and 8) is characterized by comparatively few focal mech-anisms. The T-axes have variable orientations, all of which are 
essentially horizontal and nearly parallel to the flat slab surface 
(black squares, Fig. 9d). The least compressive stress (σ3) is hor-
izontal and parallel to very slight downdip direction of the slab 
(red arrow in Fig. 9d). Specifically, σ3 is directed NW–SE at strike 
= 301◦ and dip = 8◦ , with 1-sigma standard error of 17.4◦ . The 
maximum compressive stress (σ1, solid red circle in Fig. 9d) and 
P-axes (black circles, Fig. 9d) are nearly vertical and orthogonal to 
the slab, similar to Box 2S, but different from the adjacent Box 2N.
In Box 4, north of the Nazca Ridge, the T-axes have variable 
orientations (Fig. 7). This variable state of stress of the subduct-
ing slab is perhaps affected by the presence of proposed tear and 
complex slab geometry north of the Nazca Ridge (Antonijevic et 
al., 2015). We do not perform stress tensor inversion in this region 
due to the likely non-uniformity in the stress field and sparsity of 
focal mechanism solutions.
5. Discussion
5.1. Abrupt variations in seismicity within the subducted Nazca plate
The earthquake locations presented here show abrupt spatial 
changes in seismic activity across our study area. Most of the 
patterns we observe are also visible in event locations from ear-
lier studies (e.g. Cahill and Isacks, 1992; Hayes et al., 2012) and 
global catalogs (e.g. International Seismological Center (ISC) and 
Advanced National Seismic System (ANSS)) but have not previously 
been discussed in any detail. While many of these patterns are 
difficult to explain, we propose that one in particular may pro-
vide clues into processes involved in the genesis of intermediate 
depth earthquakes. Specifically, along the projected location of the 
Nazca Ridge, we observe a marked gap in seismicity within the flat 
slab (shaded rectangle in Fig. 2b and dotted ellipse in Fig. 5b). The 
correlation between this gap in seismicity and the projected loca-
tion of the Nazca Ridge has previously been noted (Hampel, 2002), 
but no explanation for the cause of this correlation has been pre-
sented. Given that other factors such as temperature, plate age, and 
pressure do not vary over these small length scales, one possible 
explanation for this change in seismicity could be related to differ-
ences in crustal thickness of the downgoing plate and the causes 
of intermediate depth seismicity.
While the causes of intermediate depth seismicity remain a 
subject of ongoing research, dehydration embrittlement could play 
a significant role in the genesis of these events in subduction zones 
worldwide. As the oceanic plate starts to subduct, it undergoes sig-
nificant bending seaward of the trench axis and produce outer 
rise normal faults (Peacock, 2001). Previous studies have found 
evidence for seawater infiltration through these outer rise faults 
(Hussong et al., 1988). This seawater infiltration results in the 
formation of hydrous minerals (e.g. lawsonite, chlorite, and am-
phibole in the crust; serpentinite and talc in the mantle) along 
these fault planes to depths of 15–20 km or more (Peacock, 2001;
Ranero et al., 2003). The breakdown of hydrous minerals at appro-
priate P–T conditions can lead to increases in pore pressure that 
decrease hydrostatic pressure and hence promote brittle failure 
required for intermediate depth seismicity (Raleigh and Paterson, 
1965).
The Nazca Ridge has abnormally thick crust (∼17 km) com-
pared to the normal ∼7 km thick oceanic crust on either side of 
it (Hampel et al., 2004). This additional crustal thickness results in 
1.5 km of seafloor topography, but does not appear to affect pat-
terns of outer rise faulting (Hampel et al., 2004). We propose that 
the crust along the Nazca Ridge is thicker than the penetration 
depth of water into the outer rise faults in this area. This would 
mean that only the oceanic crust (not the oceanic mantle litho-
sphere) is hydrated along the Nazca Ridge, resulting in an absence 
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arrow) and T-axes vectors (small blue sticks) for four black rectangular regions in-
side Box 1, 2 (2S and 2N), and 3, respectively, shown in Fig. 8. Location of each 
cross section is shown as red diagonal line in the boxes shown in Fig. 8. Each cross 
section is oriented parallel to the average dip direction of the slab. The solid black 
line in each cross section is the slab contour from Antonijevic et al. (2015). T-axes 
vectors within each black rectangle are projected onto each cross-section. (For in-
terpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.)
of typical mantle hydrous phases (e.g. serpentinite, talc). In con-
trast, the outer rise faults in the normal oceanic plate on either 
side of the ridge would contain both crustal and upper mantle hy-
drous phases. Seismicity up to ∼80 km depth, close to the trench, 
is relatively continuously distributed along strike (Fig. 2a). A small 
break in seismic continuity (trenchward edge of cluster B, Fig. 2b), 
just south of the ridge projection, is due to the loss of events after 
relative relocation. We hypothesize that this along strike continuity 
in seismicity, up-dip from the horizontal portion of the flat slab, is 
related to the dehydration of hydrous minerals in the oceanic crust 
both within the ridge and in the normal crust on either side. We 
further propose that when the slab reaches 80 km depth, the crust 
is either dehydrated or the remaining hydrous phases are stable at 
the existing P/T conditions along the flat slab and therefore do not 
produce sufficient pore pressure to induce seismicity. Earthquakes 
that do occur north and south of the ridge along the flat portion 
of the slab are then caused by the dehydration of hydrated mantle 
lithosphere, not crust.
These dehydration reactions in the oceanic crust and uppermost 
mantle of the subducting plate are mainly temperature depen-
dent (Babeyko and Sobolev, 2008). In the flat slab region, thermal 
structure of the subduction zone is affected by the timing of slab 
flattening (English et al., 2003), as the overriding plate in a flat 
subduction zone is no longer in contact with asthenospheric upper 
mantle. For similar subduction parameters (plate age, convergence 
velocity, etc.), a relatively older flat slab will therefore tend to 
have colder thermal structure than a slab region that has recently 
flattened. In southern Peru, the slab flattening event is fairly re-
cent (∼4 Ma ago; Rosenbaum et al., 2005) at the current location 
of ridge subduction (∼15◦S), making steady state thermal models 
(e.g. English et al., 2003) inappropriate for this area. The existing dynamic model (Manea et al., 2011) for the thermal structure of 
the Chilean flat slab, which experienced flattening for a compar-
atively longer period of time (∼8.6 Ma; Ramos et al., 2002), may 
not be completely applicable for southern Peru. Further work to 
better constrain the likely temperatures across the Peruvian flat 
slab and the effect of these temperatures on dehydration reactions 
are needed to test these hypotheses and better understand the un-
usual patterns of observed seismicity across the subducted Nazca 
Ridge.
The triangular seismic gap (shaded triangle, Fig. 2b) observed 
between cluster A and B is also noticeable in the previous stud-
ies (Cahill and Isacks, 1992), but never reported explicitly. Because 
we note an excellent spatial correlation between the subducting 
Nazca Ridge (bathymetric feature) and seismic gap along the pro-
jected continuation of the ridge, we looked for evidence of any 
equivalent subducting bathymetric feature that can be correlated 
to this triangular seismic gap. One such bathymetric feature is the 
Nazca Fracture Zone, a narrow (25–50 km wide) oceanic fracture 
zone immediately south of the Nazca Ridge (Robinson et al., 2006), 
which is currently subducting along the northern edge of this tri-
angular seismic gap (Fig. 1). The projected location of this ridge 
would likely be located near the northernmost corner of this gap, 
making its association with this absence of seismicity difficult to 
explain. Another bathymetric feature located further to the south is 
Iquique Ridge (Fig. 1). Kinematic reconstructions (Rosenbaum et al., 
2005) suggest that the subduction of Iquique ridge started very re-
cently (<2 Ma). It is therefore unlikely that this ridge has reached 
a sufficient depth to affect the seismicity in this area. It is possi-
ble that our observed gap in seismicity is related to an unknown, 
fully subducted heterogeneity in the subducting plate, but we are 
unable to image any such structure at this time.
5.2. State of stress of the Nazca slab
We have analyzed the state of stress for the Nazca slab south 
of the Nazca ridge where the plate undergoes a dramatic change 
in dip angle. Recent studies have shown that this transition in slab 
dip is accommodated not by a tear, but by along-strike stretching 
of the Nazca plate (Phillips and Clayton, 2014). This extension is 
pervasive enough to have altered the fabric of the downgoing slab 
(Eakin et al., 2016).
We observe some variability in the T-axis orientations relative 
to the downdip direction (Fig. 9), but our stress tensor orienta-
tions show that the slab is experiencing down-dip extension in all 
four areas in which we had sufficient data to calculate the regional 
stress field (Figs. 8 and 9). Differences between T-axis orienta-
tions and slab dip vectors are observed in other subduction zones 
(Anderson et al., 2007) and could be related to strain partitioning 
along preexisting planes of weaknesses that are variably oriented 
with respect to the downdip direction. The regional stress field is 
more reliable indicator of ambient stress (Angelier et al., 1982). 
We note that the azimuth of the downdip direction varies from 
NNE to SW, but the σ3 axis is always parallel to the slab surface, 
and in the downdip direction (Fig. 10). The only minor exception 
is a subtle clockwise rotation in the southernmost segments of the 
normally dipping slab (Fig. 9a). This rotation in σ3 axis is perhaps 
an effect of the slab’s stress state further south, where the strike 
of the trench rotates clockwise from NW–SE to N–S. Previously, 
Brudzinski and Chen (2005) found the T-axes to be dominantly ori-
ented east–west (perpendicular to the trench) at ∼22◦S, just south 
of our study area. It is possible that the close proximity with the 
due eastward subducting slab to the south is affecting the state 
of stress in our southernmost regions. Downdip extension is seen 
in a number of subduction zones globally (e.g. Isacks and Molnar, 
1971; Delouis et al., 1996; Wada et al., 2010), especially at depths 
of >50 km (Anderson et al., 2007; Rontogianni et al., 2011). This 
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subduction (Forsyth and Uyeda, 1975).
While the direction of maximum extension is uniformly
downdip, there is an alternating pattern in the direction of maxi-
mum compression (σ1) from south to north. In Box 1 and Box 2N 
(Fig. 9a and c), maximum compression is oriented nearly horizon-
tally, parallel to the slab surface in the along-strike direction of the 
slab (i.e. orthogonal to the downdip direction). In Box 2S and Box 
3 (Fig. 9b and d), the maximum compressive stress is orthogonal 
to the slab surface. This variability in the direction of maximum 
compression is seen in other subduction zones (e.g. Bohnhoff et al., 
2005; Rontogianni et al., 2011), and may be attributable to forces 
associated with the along-strike bending and unbending of the 
slab (“table-cloth effect”) (Creager et al., 1995). The exact patterns 
of along strike compression or (relative) extension will depend on 
the depth of the earthquakes relative to the slab surface, and the 
precise geometry of the slab over relatively small spatial scales. 
More data would be needed for this level of detail, and would be 
helpful for future modeling studies.
6. Conclusions
We use new data collected as part of three separate but tem-
porally and spatially overlapping deployments to study the WBZ 
seismicity and state of stress of the Nazca plate underneath cen-
tral and southern Peru. We observe a marked absence of seismicity 
along the projected location of the subducting Nazca ridge track. 
This observed variation in seismicity is likely related to the over-
thickened crust (∼17 km) of the Nazca Ridge, compared to the 
normal oceanic crust on either side of the ridge. It is possible that 
the depth of hydration of the outer rise faults along the Nazca 
Ridge is less than the crustal thickness of the ridge, which would 
imply that only the crust along the ridge is hydrated and the un-
derlying mantle lithosphere is dry. In contrast, the outer rise faults 
in the normal oceanic slab on either side of the ridge would con-
tain both the crust and upper mantle hydrous phases. We hypoth-
esize that the along strike continuity in seismicity up to ∼80 km 
depth is related to the dehydration of crustal hydrous phases both 
along the ridge as well as north and south of the ridge. Earth-
quakes that do occur north and south of the ridge, beyond 80 km 
depth, are likely due to the dehydration of hydrated mantle litho-
sphere at these locations. The current state of stress in the Nazca 
slab south of the Nazca Ridge suggests a dominant effect of slab 
pull acting in the downdip direction. The along strike variation in 
the orientation of maximum compressive stress is likely related to 
bending or unbending of the slab due to changes in the slab’s cur-
vature.
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